SUMMARY
study was to document clinical neuromusculoskeletal performance and somatosensory responses (magnetoencephalography) in healthy controls and in FHd subjects with mild versus severe hand dystonia. The performance of healthy subjects (n 17) was significantly better than that of FHd subjects (n 17) on all clinical parameters. Those (Gerloff et al., 1996; Johansson, 1996; Sherrington, 1906) . The hand has a large, orderly, somatotopic, highly differentiated representation in the sensory and motor areas of the brain (Iwamura et al., 1983; Iwamura et al., 1992; Jenkins et al., 1988; Kass et al., 1986; Penfield, 1950; Yang et al., 1994) . These topographical representations are complemented by functional representations of well-learned tasks (e.g. writing) (Rijintjes et al., 1999) .
Somatotopic and functional representations are modified by injury, development, learning, environmental enrichment, deprivation, disease, and practice. Representational changes can be modified over a lifetime by attended, goaldirected, rewarded, nonstereotypic, progressive spaced practice (Jenkins et al., 1990; Wang et al., 1994) . Selective changes in cell assemblies can be driven by behaviors that selectively specialize hand representations in parallel with the emergence of more efficient, accurate, and differentiated behaviors. This neural adaptation has been extensively documented in terms of modulation in neural transmitters, myelination, synaptic and dendritic complexity, as well as function in studies involving animals (Allard et al., 1991; Hebb, 1949; Jenkins et al., 1990; Jenkins et al., 1990; Kass et al., 1983; Merzenich et al., 1983 Merzenich et al., a-b, 1984 Merzenich et al., , 1991 Nudo et al., a-b, 1999 Nudo et al., , 2000 Penfield, 1950; Recanzone et al., 1992a-c; Wang et al., 1994 Wang et al., , 1995 Yang et al., 1994; Zerri et al., 1996; 1999) and humans (Merzenich et al., 1996 (Merzenich et al., ae, 1998 ; Elbert et al., 1998 , Nagarajan et al., 1997  Sanger & Spengler et al., 1997; Wright et al., 1997) .
Despite the infinite degrees of freedom and permutations of a wide variety of movements, much of what we do becomes repetitive, stereotypic, and automatic. Given the limits of neural adaptation, stressful, attended, stereotypic, near-coincident, repetitions can have negative consequences on motor performance, e.g. focal hand dystonia (FHd) (Bara-Jimenez et al., 2000; Byl et al., 1996 a-b; 2000 a-b; Chen et al., 1998; Mc Kenzie et al., 2000) .
Focal hand dystonia, also referred to as occupational hand cramps, is one type of focal limb dystonia (Altenmueller, 1997) . Involuntary cocontractions of agonists and antagonists cause writhing and twisting movements of the hand and wrist that interfere with controlled, target specific voluntary fine motor movements (Altenmueller et al., 1997; Bell, 1883; Cohen & Hallet, 1988; Cole et al., 1995; Fry, 1986; Hochberg et al., 1990; Jankovic & Shale, 1989; Marsden et al., 1990; Newark et al., 1987; Rothwell et al., 1983; Tubiana, 1983; Utti et al., 1995) . Etiologic factors for focal dystonia range from genetics (Gasser et al., 1996; Illarioshkin et al., 1988; Leube et al., 1996; Ozelius et al., 1997) , imbalance between the inhibitory and excitatory pathways in the globus pallidus (Black et al., 1998; DeLong et al., 1985 DeLong et al., , 1990 Perlmutter et al., 1997) , cortical dysfunction (Chase et al., 1988; Defendini & Fahn, 1988; Deuschl et al., 1995; Gilman et al., 1988; Tempel, 1993; Toro, 2000) , degradation of the somatotopic maps in the thalamus (Lenz et al., 1996; Utti, 1995) , disruption of reciprocal inhibition at the level of the spinal cord, (Chen et al., 1995 , Kaji et al., 1995 Nakashima et al., 1989; Naumann et al., 1997; Panizza et al., 1989 Panizza et al., , 1990 , to secondary problems related to chronic pain, trauma, nerve root irritation, peripheral nerve entrapment, or anatomic restrictions (Chamess et al., 1992; 1993; Katz et al., 1990; Leijinse. 1996; Quartarone et al., 1998; Topp & Byl, 1999; Wilson et al., 1991; 1993) .
Initial evidence from animal and human studies implies that FHd could be a consequence of aberrant learning. Repetitive, near simultaneous, alternating, reciprocal digital movements, performed under stressful conditions, can lead to de-differentiation of the somatosensory hand representation that disrupts sensory discrimination, sensorimotor feed back, and fine motor control (sensorimotor learning hypothesis) (Bara-Jimenez et al., 1998; Byl et al., 1996 a-c; 2000 a-c; Ikeda et al., 1999; Odergren et al., 1996; Sanger & Merzenich, 2000; Sanger et al., 2001; Tinassi et al., 1999) . In one nonhuman primate model designed to test the sensorimotor learning hypothesis, owl monkeys performed attended, repetitive hand opening and closing (1.5 h/d) until they were unable to perform the task in a controlled way (simulating a target specific clinical hand dystonia) (Byl et al., 1996 c; . Electrophysiological mapping revealed shrinkage of the somatosensory hand representation on the trained side, unusually large overlapping receptive fields bilaterally, and persistence of the same digital representations across broad columnar distances on the cortex bilaterally (Blake et al., 2002; Byl et al., 1996; . Two of the primates did not work intensely and used the whole arm and the trunk rather than the hand alone to close the hand piece. These two monkeys did not develop a disorder in fine motor control . Magnetoencephalography studies of human subjects with FHd revealed similar somatosensory degradation (Bara-Jimenez et al., 1998; Chen & Hallet, 1998; McKenzie et al., 2000) . The authors reported abnormalities in the area of the somatosensory hand representation on the trained side (e.g., reduction of in the spread of the digits and the overall hand area on the affected compared with the unaffected side) and the sequential ordering of the digits (e.g., loss of sequential digital ordering from inferior to superior bilaterally).
No intervention strategy has been one-hundred percent effective for restoring normal motor control in all FHd patients. Although botulinum toxin injections or baclophen can decrease dystonic cramping (Brin et al., 1987; Ceballos-Baumann et al., 1995; Cole et al., 1995; Fahn et al., 1987; Karp et al., 1994; Pullman et al., 1996; Tsui et al., 1993; Van Hilten et al., 2000) , the medications do not improve somatosensory differentiation and rarely enable musicians to return to their previous high levels of performance. Conservative intervention strategies based on the principles of neuroplasticity, including constraint induced therapy (Candia et al., 1999) , sensitivity training (Tubiana et al., 1998) , kinematic training (Mai et al., 1994) , conditioning techniques (Liversedge et al., 1955 (Liversedge et al., , 1960 , immobilization (Priori et al., 2001) , and comprehensive sensory discrimination training (Byl et al., 2000 c) (Roberts et al., 1998; Rowley et al., 1995) . The test-retest values for the magnetic source imaging testing established in this lab are high (> 0.9) (Spengler et al., 1997 (Roberts, et al., 1998; Rowley et al., 1995) . The dependent variables, recorded for each SEF response, included latency (msec), root mean square (rms) amplitude across sensor channels (IT), and location of the digits on the x, y, and z axes (cm). The following variables were determined: (1) amplitude of the SEF was integrated over time; (2) ratio of mean SEF amplitude to latency was calculated; (3)order of the digits on the z axis, plotted inferior to superior from D1 to D5; (4) spread of digits, calculated by subtracting the maximum centimeter distance between the most widely separated digits; and (5)volume of the digital representation, calculated based on the formula for an ellipsoid (4/3 n times the radius of the spread on x, y, and z axes).
Research design
This was a descriptive study including three groups of subjects. All dependent variables were described by mean and standard deviation (SD The control group comprised 7 females and 8 males between the ages of 22 and 58 years (mean age 37.4 years).
All healthy control subjects were involved in jobs demanding high levels of repetition; two were musicians.
performance, there were 5 males and 12 females with an average age of 30.2 years (+3.6 years).
The majority of control subjects who volunteered for the clinical measurements were graduate students, faculty, or friends of students or faculty who had a history of repetitive hand use (e.g. intensive note taking and computer use). There were no significant differences between mean SEF latency or mean SEF amplitude for FHd subjects and reference controls, but the location of the digits on the x (bilateral) and y axes (affected) were significantly different (p<0.0001, respectively) and the ratio of SEF mean amplitude to latency was higher for FHd subjects compared with the controls (p < 0.05). On the unaffected side, the volume of the hand representation was significantly larger for FHd subjects than for controls (p < 0.05) (see Table 5 ). As measured by magnetoencephalography, there were no significant differences in the mean amplitude and latency of the somatosensory evoked field responses for controls and those with FHd. However, compared with controls, the FHd subjects had a higher ratio of the mean amplitude to mean latency on the affected side, there was a significant difference in location of the digits on the x and y axes, and the area of the hand representation was significantly greater on the unaffected side. On both the affected and unaffected side, the volume of the representation of the hand was significantly larger for those with mild compared with those with severe hand dystonia. Table 6 summarizes the parameters of the somatosensory evoked field responses (SEFs) for those with mild versus severe dystonia. Bilaterally, for those with mild dystonia, the volume of the representation of the hand was significantly larger than in those with severe dystonia. Figure 2 illustrates the different patterns of the somatosensory evoked field responses (SEFs) for the digits for one control and two subjects with FHd. The patterns of the SEFs for controls and those with FHd were similar on the lip (uninvolved body part), but the SEF patterns for the digits were different for healthy controls when compared with those of subjects with FHd. The pattern of the SEF for the control subject (A and D) was characterized with a primary burst of activity at 40 msec at an amplitude between 70 and 100 fI', quieting at 120 msec. For the subject with severe dystonia (B and E) on both sides, the first burst of activity was <(at) 40 msec with an amplitude of > 150 fI' and either a second burst of activity or continued activity (60 IT) after 120 msec. On the unaffected side for the subject with mild dystonia, the SEF(C) had the first burst of activity at 30 msec (amplitude of > 150 fT) with continued firing at an amplitude of 70 fT even at 120 msec. On the affected side (F), the activity appeared poorly organized with the most activity at 80 msec (60 fI') with continued activity beyond 120 msec.
Controls
The distribution of amplitude by latency for the somatosensory evoked field responses for FHd subjects and controls is presented in Fig. 3 . When amplitude was integrated across the somatosensory evoked field response time, the amplitude was significantly higher for controls compared with FHd subjects on the affected side, affected digits (A, Fig.  3 ) but not unaffected digits (B, Fig. 3 ). On the unaffected side (digits matched to the dystonic digits), however, the amplitude of the somatosensory evoked field response was significantly greater for FHd subjects than for controls (C, Fig. 3 ).
The scatter plots in Fig. 4 illustrate the distribution of SEF amplitude by latency (by side) for control and FHd subjects. Figure 5 provides a visual representation of the differences in amplitude integrated by latency for those with severe versus mild dystonia. For subjects with focal hand dystonia, on the affected side, the amplitude of the somatosensory evoked field response was significantly lower for those with mild dystonia. when compared with subjects with severe dystonia Such a discrepancy in amplitude across latency for those with mild compared with those with severe dystonia was also measured on the unaffected side. The digits for the control subjects were orderly sequenced from inferior to superior on the z axis as expected. The digits of FHd subjects were not orderly (see Fig. 6 ). For example, on the affected side of the FHd subjects, the digits were all represented at the same location.
High, significant correlations (0.9029f,td and 0.8477unaffected; P < 0.001) were found between dystonia severity and the ratio of SEF amplitude to latency, respectively (see Table 7 ). On the affected side, the SEF ratio and dystonia severity were significantly, negatively correlated (moderate to moderately high) with musculoskeletal performance and motor control on the target task; FHd subjects with mild dystonia and those with a low SEF ratio demonstrated higher performance than those with severe dystonia. There was also a significantly negative correlation between fine motor skills and the SEF ratio on the affected side; those with a high ratio of SEF amplitude to latency demonstrated greater inaccuracy. Similar to the affected side, on the unaffected side, there was a significant, moderately negative correlation between the severity of dystonia and musculoskeletal performance and a significantly negative correlation between the SEF ratio and motor control at the target task. However, on the unaffected side, there was a significant, positive correlation between the severity of dystonia and motor control on the target task; those with mild dystonia had lower scores on the target task than those with severe dystonia. (BaraJimenez et al., 2000; Byl et al., 1996 a-c; Elbert et al., 1998; Juliano et al., 1991 (Wilson et al., 1991; 1993; Lej inse, 1996 (Juliano et al., 1991; Kaas et al., 1983; Merzenich et al., 1982; Merzenich et al., 1996 a-b; Nagarajan et al., 1997; Nakashima et al., 1989) .
Our study has several limitations. The data were gathered from a small sample of patients with focal hand dystonia. Two different control groups were used to obtain somatosensory data and clinical performance. The stimulus (air puff) did not represent the minimum threshold stimulus for each individual subject. In the UCSF Biomagnetic Imaging Laboratory, a cutaneous stimulus of 17 to 20 pounds per square inch (psi) was considered an adequate stimulus to indent the skin 400 microns. This stimulus possibly represented a minimum stimulus for those whose evoked field response was characterized by a long latency and low amplitude but a maximum stimulus for those responding quickly with a short latency and high amplitude. Preliminary testing of the psi of the stimulus did not confirm this notion, however. An air puff of 15 psi was associated with an increase in amplitude over the 5 and 10 psi stimuli, both for healthy subjects and for patients with FHd, with little differences in the response characteristics at 20 and 25 psi. Minimal differences were found in latency measured between 5 and 25 psi stimuli levels. Thus, it is unlikely that this small force designed to indent the skin 400 microns could explain the consistent differences in somatosensory-evoked responses by severity.
The hypothesis of aberrant sensorimotor learning does not explain why some individuals who perform highly skilled, stereotypic, repetitive movements develop FHd and others do not. Issues of 'misuse' versus 'overuse' must be investigated.
Possibly, initial, mild abnormal homuncular organization of the digits might result from genetic, congenital, or traumatic conditions. Such differences can be stable, however, until challenged by stress and or highly repetitive, stereotypie movements (Bara-Jimenez et al., 1998; Lejinse, 1999; Byl & Topp, 1998 
